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When elaborating the biosensor based on single- walled carbon nan- 
otubes (SWNTs), it is necessary to solve such an important prob- 
lem as the immobilization of a target biomolecule on the nan- 
otube surface. In this work, the enzyme (glucose oxidase (GOX)) 
was immobilized on the surface of a nanotube network, which was 
created by the deposition of nanotubes from their solution in 1,2- 
dichlorobenzene by the spray method. 1-Pyrenebutanoic acid suc- 
cinimide ester (PSE) was used to form the molecular interface, 
the bifunctional molecule of which provides the covalent binding 
with the enzyme shell, and its other part (pyrene) is adsorbed 
onto the nanotube surface. First, the usage of such a molecular 
interface leaves out the direct adsorption of the enzyme (in this 
case, its activity decreases) onto the nanotube surface, and, sec- 
ond, it ensures the enzyme localization near the nanotube. The 
comparison of the resonance Raman (RR) spectrum of pristine 
nanotubes with their spectrum in the PSE environment evidences 
the creation of a nanohybrid formed by an SWNT with a PSE 
molecule which provides the further enzyme immobilization. As 
the RR spectrum of an SWNT:PSE:GOX film does not essentially 
differ from that of SWNT:PSE ones, this indicates that the molec- 
ular interface (PSE) isolates the enzyme from nanotubes strongly 
enough. The efficient immobilization of GOX along the carbon 
nanotubes due to PSE is confirmed with atom-force microscopy 
images. The method of molecular dynamics allowed us to establish 
the structures of SWNT:PSE:GOX created in the aqueous envi- 
ronment and to determine the interaction energy between hybrid 
components. In addition, the conductivity of the SWNT network 
with adsorbed PSE and GOX molecules is studied. The adsorp- 
tion of PSE molecules onto the SWNT network causes a decrease 
of the conductivity, which can be explained by the appearance 
of scattering centers for charge carriers on the nanotube surface, 
which are created by PSE molecules. 



1. Introduction 

Due to their unusual physical, optical, thermal, and 
electronic properties, single-walled carbon nanotubes 
(SWNTs) have a huge potential of different promising 



applications including the biosensing. The main chal- 
lenge in the development of the devices is the biofunc- 
tionalization of nanomaterial surfaces and the creation 
of appropriate interfaces between the nanotubes and the 
biosystems. Carbon-nanotube-based biological sensors 
could find applications, for example, in measuring the 
concentrations of glucose in blood. This is particularly 
important because the number of diabetics in the world 
increases continuously and dramatically. 

In the last few years, the applications of conducting 
properties of carbon nanotubes in the biological sensor- 
ing have demonstrated the high efficiency of this ap- 
proach, despite the elaborations being in their infancy 
[1-3]. The use of the conductivity of carbon nanotubes 
as the detection and measuring method in midget biosen- 
sors showed some preferences over the optical methods 
currently being employed in the clinical work. This is 
related to the fact that the most of biological processes 
involve electrostatic interactions and/or a charge trans- 
fer, which can be directly detected with the electronic 
equipment. Carbon nanotubes can be easily integrated 
into the electronic device. Moreover, the average size 
of an nanotube is usually compatible with the molecu- 
lar size of a compound being analyzed, which increases 
the sensitivity of the measurement. The conductivities 
of individual nanotubes or carbon nanotube networks 
can be utilized in the investigation and the develop- 
ment of biosensors [4, 5]. Networks formed by hundreds 
or thousands of carbon nanotubes distributed randomly 
between metallic contacts have a larger active area for 
the detection and can operate at higher currents. The 
technology for the fabrication of carbon-nanotube net- 
works is well developed and does not require the ex- 
pensive equipment to operate. The networks can be 
produced from solutions by deposition onto various sub- 
strates. 
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When working out biological sensors, in which an 
SWNT network is used, it is necessary to solve such an 
important problem as the immobilization of a recogni- 
tion biomolecule on the nanotube surface. In researches, 
an enzyme immobilized on a nanotube is often used as 
the recognition element. In some works, the enzyme 
was immobilized directly onto the nanotube surface [6]. 
However, the recent work [7] showed that the activity 
of two enzymes (R-chymotrypsin and soybean peroxi- 
dase) decreased significantly after their adsorption onto 
the surface of single- walled carbon nanotubes. Thus, the 
problem of enzyme immobilization on a nanotube that 
needs to be solved is to retain the enzyme native activity 
despite its immobilization on the nanotube surface. The 
problem is closely related to the nanotube functional- 
ization. Some success on this front has been achieved 
owing to the use of a molecular anchor [8, 9] or the 
polymer- wrapping of nanotubes [6]. The efficient non- 
covalent carbon nanotube functionalization by organic 
molecules for the biocompatibility testing was suggested 
by Chen and co-workers [8] . Their approach utilizes a bi- 
functional molecule containing succinimidyl ester and a 
pyrene moiety to bind proteins to the nanotube surface. 
Pyrene attaches to the nanotube surface by means of the 
7r — 7T stacking and the hydrophobic interaction and does 
not disrupt the nanotube backbone. Another fragment 
of the anchor molecule is succinimidyl ester that binds 
enzymes to the nanotube surface. This molecular in- 
terlayer provides a sufficiently strong attachment of the 
enzyme to the nanotube surface and leaves the enzyme 
activity unaffected. The enzyme localization near the 
nanotube needs to provide the reliable detection of the 
charge, which appears as a result of the biochemical re- 
action of enzymes with the probe. 

In the present work, the enzyme (glucose oxidase 
(GOX)) was immobilized onto the surface of a nanotube 
network, which was created by the deposition of nan- 
otubes from their solution in dichlorbenzene by the spray 
method. 1-pyrenebutanoic acid N-hydroxysuccinimide 
ester (PSE) was used to form the molecular interface. 
The comparison of the resonance Raman (RR) light scat- 
tering spectrum of pristine nanotubes with their spec- 
trum in the PSE environment evidences the creation of 
a nanohybrid formed by SWNT with a PSE molecule 
which ensures the further enzyme immobilization. As 
the RR spectrum of an SWNT:PSE:GOX film does not 
essentially differ from that of SWNT:PSE ones, this in- 
dicates that the molecular interface (PSE) isolates the 
enzyme from nanotubes efficiently. The immobilization 
of GOX near a carbon nanotube due to PSE is con- 
firmed by atom- force microscopy (AFM). The method 



of molecular dynamics allows us to establish the struc- 
tures of SWNT:PSE:GOX and to determine the energies 
of the intermolecular interaction between components of 
the triple complex in the aqueous environment. In ad- 
dition, we study the conductivity of the SWNT network 
with adsorbed PSE and GOX molecules. The adsorp- 
tion of PSE molecules on the SWNT network results in 
a decrease of the conductivity, which is most likely in- 
duced by the appearance of scattering centers for charge 
carriers in nanotubes. 

2. Experimental 

SWNTs have been produced by the CoMoCAT method 
(SouthWest NanoTechnologies Inc., USA). This method 
yields nanotubes with narrow diameters (0.75-0.95 nm) 
and chirality (6,5) [10]. PSE was purchased from Sigma- 
Aldrich, Europe. All compounds have been used without 
additional purification. 

Nanotube suspensions were prepared in dichloroben- 
zene (Sigma- Aldrich, Europe), which is the most effi- 
cient organic solvent for nanotubes. Suspensions were 
obtained by ultrasonication (44 kHz, UZDN-2, Sumy, 
Ukraine) and by the following ultracentrifugation (up 
to 18 000 g). As a result, all insoluble thick bundles of 
nanotubes, as well as the metallic catalyst, were precipi- 
tated. To get one sample, we used 0.2 mg of nanotubes, 
being dissolved in 4 ml of dichlorobenzene. 

The carbon nanotube network on the substrate 
(quartz) was created by the spray method. To form 
this network, a special electronic device was constructed 
to control the nanotube network density, by using the 
conductivity of the deposited network and a quartz mi- 
crobalance. This density was regulated by the variation 
of the deposition time, as well as with the nanotube con- 
centration in a solution. After the drying of such a nan- 
otube network, two gold contact areas with 10 /xm gap 
between them were thermodeposited. Glucose oxidase 
(GOX) was immobilized onto the carbon nanotube net- 
work through PSE, which formed a molecular interface 
between nanotubes and the enzyme [8]. PSE was ad- 
sorbed from its solution in methanol (10 -4 M), and then 
GOX from its solution in water (10 M) was deposited. 

The GOX immobilization onto carbon nanotubes was 
controlled with an AFM Nanoscope D3000 (Digital In- 
struments, US A), as well as with RR spectroscopy. For 
AFM measurements, nanotubes were sprayed on mica. 
For Raman measurements, three dried films were pre- 
pared: pristine nanotubes, nanotubes with PSE, and 
SWNT:PSE:GOX. To prepare the film of nanotubes with 
adsorbed PSE molecules, SWNTs were mixed with PSE 
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Fig. 1. AFM image of the carbon nanotube network on a mica 
substrate obtained by the spray method from an SWNT solution 
in dichlorobenzene 




in methanol (with 1:1 weight ratio, 0.3 mg/ml). The 
mixture was treated with the sonication (1 W, 44 kHz) 
for 30 min. Then the suspension was deposited on the 
quartz substrate and dried under a stream of warm 
air. SWNT:PSE:GOX hybrids were prepared by the 
adsorption of GOX from an aqueous solution on an 
SWNT:PSE film. Raman experiments have been per- 
formed in the 90° scattering configuration relative to 
the laser beam, by using 632.8 nm (1.96 eV) light from 
a He-Ne laser. The spectra were analyzed using a Ra- 
man double monochromator with the reverse dispersion 
of 3 A/ mm and were detected with a thermocooled CCD 
camera. The position of peaks of the bands in the RR 
spectrum of a nanotube film was determined with the ac- 
curacy not worse than 0.3 cm -1 . This level of accuracy 
has been achieved due to the observation of the plasma 
lines of a laser in the spectra in a vicinity of the bands 
corresponding to the tangential mode (G) and the radial 
breathing mode (RBM) of nanotubes, which were used 
in the internal calibration of a spectrometer. 

Volt-ampere characteristics of the nanotube network 
were determined by the home-built set-up based on a 
microcontroller, by means of which the required range 
of voltages was formed. A microamperemeter, which 
measured a current through the network, was connected 
with a computer. A minimal step of the output voltage 
was 2 mV, and the current sensitivity reached 0.1 nA. 

SWNT hybrids with PSE and with GOX were mod- 
eled by the molecular dynamics method employing 
NAMD programs [11]. In these calculations, the force 
field Charmm27 was used [12]. For the enzyme, the stan- 
dard force parameters were applied, and the force param- 
eters of aromatic carbon were given to carbon nanotube 
atoms. Glucose oxidase was obtained from the Protein 
Data Bank. Its structure parameters were determined 
earlier [13]. A PSE molecule has no standard parameters 
in this force field. Therefore, an additional calculation 
within the DFT method was made (PSE parametriza- 
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Fig. 2. AFM image of SWNT:PSE:GOX hybrids on a mica 
substrate 

tion is described in details in [14]). In this work, carbon 
nanotubes 7.95 A in diameter, 95.2 A in length, and with 
chirality (10,0) were used. Each system was placed in a 
cubic water box. The distance between the hybrid un- 
der study and walls of the water box was not less than 
12 A. Upon modeling, periodic conditions were used. 
Upon modeling the pressure (1 bar), the temperature 
(293 °K) and the atom number in the system were un- 
changed. At the modeling beginning, the energy of the 
system was minimized during 1000 cycles. The VMD 
Program was applied for the visualization of the results 
of calculations [15]. 

3. Results and Discussion 

3.1. Analysis of the enzyme immobilization 
onto SWNTs by AFM 

We used the AFM method to study the morphology of 
the network of SWNT deposited onto mica from a so- 
lution of nanotubes in dichlorobenzene. Figure 1 shows 
the network of SWNTs obtained by the spray method 
on mica. Both single nanotubes and their bundles can 
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Fig. 3. Raman spectra of SWNTs (1), SWNT:PSE (2) 

SWNT:PSE:GOX (3) hybrids in the range of the RBM and G 
modes. Each experimental spectrum obtained by the laser excita- 
tion at Aexc = 632.8 nm 

be seen in Fig. 1. Then we deposited the molecular in- 
terface (PSE) on the network, and finally the enzyme 
GOX was immobilized. The AFM image of these hy- 
brids is presented in Fig. 2. As is seen from Fig. 2, the 
GOX globular structures are mainly placed along nan- 
otubes, and their heights are in the 4.38-6.37-nm range. 
As the height of one enzyme globule is about 4 nm [6], 
the obtained heights are the sum of heights of a COX 
globule and a nanotube. The surface of some nanotubes 
is fully covered with the enzyme. The detailed analysis 
of hybrid heights revealed that they may be 8-8.5 nm 
in some cases, and this indicates that the enzyme dimer 
is created on a nanotube. Thus, it may be concluded 
that, due to the PSE molecular interface, the enzyme is 
placed near the nanotube surface. 

3.2. Raman spectroscopy of carbon nanotubes 
in the PSE and GOX environments 

Information on the noncovalent interactions of organic 
molecules with the nanotube surface can be obtained 
from the analysis of the RR spectra of carbon nanotubes 
before and after the deposition of these molecules [16]. 
The noncovalent interaction of a nanotube and an or- 
ganic molecule results in a shift of the nanotube vibra- 
tional modes and in the intensity redistribution between 
bands. At first, we studied such spectra of pristine nan- 
otubes in bundles. Then we measured the spectra of 
nanotubes with deposited PSE molecules and, finally, 
after the immobilization of GOX molecules. Figure 3 
presents the RR spectra of a nanotube network in the 
225-1650 cm^ 1 range before (1) and after (2) the de- 
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Fig. 4. Low-frequency fragment of the spectra of SWNTs (bold 
line), SWNT:PSE (thin line), and SWNT:PSE:GOX (broken line) 
in the RBM range 

position of PSE, as well as after the addition of GOX 
(3). It should be noted that the spectra are similar, but 
the detailed analysis of some bands reveals some slight 
change in the spectrum after the PSE deposition onto 
the nanotube surface. 

To analyze these changes in more details, we studied 
the most informative fragments of the RR spectra of 
nanotubes: ranges of the RBM (225-350 cm -1 ) and G 
(1500-1650 cm- 1 ) modes. 

3.2.1 Radial breathing mode 

Figure 4 presents the low-frequency fragment of the RR 
spectrum of nanotubes, in which the RBM is observed. 
At the excitation by a He-Ne laser in the 225-350 cm -1 
range, seven intense bands are observed for nanotubes 
obtained by the CoMoCat method. The spectra were 
approximated with a sum of seven Lorentzians. The fre- 
quency position of the peaks, area, and width at the 
half of the height of bands for the both samples were 
determined. These results are presented in Table 1. The 
nanotube chirality shown in Table 1 was determined ear- 
lier for these nanotubes [17]. As follows from Table 1, all 
bands were assigned to semiconducting nanotubes. The 
spectra were normalized to the intensity of the high- 
frequency component of the G-mode (G + ), which al- 
lowed us to compare the band intensities in the spectra 
of three samples. 

As follows from Table 1, the spectral shift in the RBM 
(~1.4 cm -1 ) is observed for SWNT:PSE in comparison 
with SWNT bundles. This shift is caused by the in- 
teraction of PSE molecules with nanotubes. In addi- 
tion, a decrease and an enhancement of the band inten- 
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Table 1. Position (urbMi cm -1 ), width at the half of the height (AT, cm -1 ), integral intensity of Lorentzian 
curves normalized to the band corresponding to the G+ band, chirality of nanotubes (n,m), and second electronic 
transition of the semiconducting SWNTs (Bf 2 , eV) located close to the excitation energy of a He-Ne laser (1.96 eV) 
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sities are seen at 265.5, 284.2, 298.1 cm- 1 and at 257.9, 
310.7, 337.2 cm -1 , respectively. It is known that the 
RBM bands are very sensitive to resonance conditions, 
which are determined by the location of the nanotube 
electronic level relative to the laser energy. It is well 
known that the position of the nanotube electronic level 
depends on the interaction with the environment [18]. 
Thus, when the nanotube electronic level (in our case, 
it is the second electronic level (-Ef 2 )) 1S located higher 
than the energy of a laser, it becomes lower upon the 
environmental interaction, the resonance conditions are 
improved, and the intensity of the corresponding band 
increases. Otherwise, the resonance conditions become 
worse, and the intensity of the corresponding band de- 
creases. 

The resonance windows for two semiconducting nan- 
otubes with different positions of electronic levels rel- 
atively to the laser energy (1.96 eV) are schematically 



shown in Fig. 5. The laser energy is marked with the ver- 
tical line. Other lines are obtained using Lorentz func- 
tions. In addition, the bands corresponding to the aque- 
ous suspension of nanotubes with a surfactant (sodium 
dodecyl sulfate (SDS)) (thick line) and in the film (thin 
line) and their hybrids with PSE (thin broken line) are 
shown in Fig. 5. The energy of the electronic transi- 
tion for nanotubes (£^2) in the aqueous suspension of 
individual nanotubes with the SDS is by 60-160 meV 
higher, than the energy of this level for nanotubes in 
a film [18, 19]. This red shift is due to the strong in- 
teraction of nanotubes in bundles, which are situated 
in a film. For SWNT:PSE, the bundling effect is much 
smaller, because the organic molecules become embed- 
ded between nanotubes in bundles in a solution during 
the ultrasonication and, thus, decrease the interaction of 
nanotubes. As a result, due to the interaction between 
nanotubes and organic molecules, the i?f 2 level for such 
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SWNTs is still lower than that for individual nanotubes 
in an aqueous suspension. 

In our case, the nanotubes with (11,1), (6,5), and (6,4) 
chiralities have the electronic level (E^), which is higher 
than the laser energy. So, under the interaction of nan- 
otubes with PSE, the band intensity increases. This rule 
works unambiguously for nanotubes with (6,4) chiral- 
ity. Contrary to this, the level E^ 2 of nanotubes with 
(10,3), (7,6), (7,5), and (8,3) chiralities is lower than the 
laser energy. Therefore, under the interaction of these 
nanotubes with PSE, the band intensity must decrease, 
which is observed experimentally. 

We note that, after the adsorption of GOX molecules 
onto SWNT:PSE, the spectral transformation is weaker. 
For example, the intensities of bands assigned to (7,5), 
(10,3) and (7,6) nanotubes do not change practically. 

3.2.2 Tangential mode 

The most intense band in the RR spectra of SWNTs 
lies in the 1550-1620 cm -1 range and corresponds to 
the high-frequency component of the tangential G mode 
[20]. This band for nanotubes and their hybrids with 
PSE and PSE:GOX is shown in Fig. 6. As is seen 
from Fig. 6, the intense band in the RR spectrum 
of the nanotubes in bundles (1592.4 cm -1 ) is low- 
shifted by 1.7 cm" 1 in the SWNT:PSE film. This 
shift takes place, because the interaction energy of nan- 
otubes in bundles decreases due to a weaker nanotube- 
PSE binding energy. The intense band in the spec- 
trum of the SWNT:PSE:GOX complex has a peak at 
1590.5 cm -1 , which indicates the insignificant influence 
of GOX on the RR spectrum of nanotubes:PSE (located 
at 1590.7 cm" 1 ). 

Some differences in the band positions and intensi- 
ties were obtained after the fitting with the sum of 
approximation functions. Each experimental spectrum 
has been fitted with a minimal number of approxima- 
tion functions (Fig. 6) consisting of the sum of four 
Lorentzians and one Breit-Wigner-Fano (BWF) func- 
tion, J(w) = I a {l + (io-LOo)/qr} 2 /{l+[(io-Lo )/T] 2 } [21], 
where Iq, w o, T, and q are the intensity, BWF frequency, 
broadening parameter, and asymmetry parameter, re- 
spectively. The BWF function is used for describing the 
low-frequency spectral band, which appears due to the 
presence of metallic nanotubes. On the basis of a good 
coincidence between the experimental spectrum and the 
sum of approximating curves, the parameters of these 
curves were determined (Table 2). The total intensity of 
the whole spectral fragment was set as 100%. As is seen 
from Table 2, a low-frequency shift from 0.3 to 3.4 cm- 1 
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Fig. 6. High-frequency fragment of SWNTs (bold line), 

SWNT:PSE (thin line), and SWNT:PSE:GOX (broken line) hy- 
brids in the G mode range 

range was observed in the film with PSE for all bands of 
nanotubes. 

Thus, in accordance with changes in the RR spec- 
tra of nanotubes in the PSE environment relative to 
the spectrum of pristine nanotubes, we can conclude 
that the PSE molecule forms a noncovalent hybrid with 
a carbon nanotube, which favors the further immobi- 
lization of enzyme molecules. At the same time, the 
absence of significant changes in the RR spectrum of 
the SWNT:PSE:GOX hybrid (as compared with the 
SWNT:PSE one) evidences that these PSE molecules 
isolate efficiently the GOX molecules from nanotubes, 
preventing their direct interaction with the nanotube 
surface. 

3.3. Structure and interaction energy of the 
SWNT:PSE:GOX complex in the water 
environment: molecular dynamics modeling 

While modeling the SWNT:PSE:GOX complex, we were 
aimed to reveal whether one PSE molecule is able to 
keep one GOX molecule (covalently bound to it) near 
the nanotube surface. The other task was to determine 
the interaction energies between the PSE:GOX complex 
and SWNTs. It is known that PSE reacts with amino 
groups of peptides [8[. In this case, the CO-NH bond 
is formed. One PSE molecule was attached to one of 
the lysine side residues of GOX. As a result, a new com- 
pound was obtained (denoted as PSE:GOX). It consists 
of the pyrene fragment and a GOX molecule joined with 
a linker. The PSE:GOX complex was connected to the 
SWNT surface by the pyrene fragment at a distance of 
3.5 A. The system was minimized during 1000 cycles 
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Table 2. Position (urbmi cm -1 ), width at the half of the height (AT, cm -1 ), and integral intensities of curves 
described by Lorentzian and BWF (with the asymmetry parameter 1/q) functions normalized to the total intensity 
of the band assigned to G band (S/S max ) 



SWNT 


SWNT:PSE 


SWNT:PSE:GOX 


w, 


Ar, 


-1/9 


S/S a 


U), 


Ar, 


-1/9 


S/S G 




Ar, 


-1/g 


S/S G 


cm -1 


cm -1 




x 100% 


cm~ 1 


cm -1 




x 100% 


cm -1 


cm -1 




xl00% 


1521.7 


30.1 


0.17 


3.1 


1520 


29.2 


0.15 


3.9 


1518.4 


37.8 


0.17 


5.3 


1539.7 


12.6 




5.7 


1539.1 


12.2 




6.1 


1539.4 


16.5 




8.3 


1551.2 


15.0 




11.1 


1550.0 


14.6 




10.3 


1550.5 


13.2 




7.4 


1592.2 


15.4 




48.8 


1590.5 


15.1 




46.5 


1590.0 


15.4 




45.8 


1601.4 


31.9 




31.3 


1598.5 


31.4 




33.2 


1598.0 


28.9 




33.2 




time, ns 

Fig. 7. Interaction energies between PSE and SWNT (a, left 
scale) and PSE-GOX and SWNT (6, right scale) 

and then equilibrated for 10 ns with a 1-fs step. After 
modeling the total energy of interaction between SWNT 
and the whole PSE:G0X complex, the interaction en- 
ergies of SWNT and various parts of this complex were 
determined. They are shown in Fig. 7. The equilibrated 
structure of the SWNT:PSE:GOX complex is presented 
in Fig. 8. 

As is seen from Fig. 7, the energy of the interac- 
tion between the pyrene fragment and the nanotube sur- 
face in the SWNT:PSE:GOX complex (curve a) is in 

the interval (—20 25) kcal/mol. This result agrees 

very well with the interaction energy between pyrene and 
nanotubes calculated for the SWNT:PSE complex [14]. 
Moreover, Fig. 7 demonstrates that, during the whole 
period of modeling, the pyrene fragment is strongly at- 
tached to the nanotube. This evidences that one pyrene 
"anchor" is able to hold efficiently the GOX enzyme on 
the nanotube. The total interaction energy between a 
nanotube and the PSE:GOX complex (Fig. 7, curve 
b) (from —22 to —27 kcal/mol) is equal to the sum of 
energies of interactions between PSE and a nanotube, 
as well as between GOX and a nanotube. Thus, we 
can determine the energy of interaction between GOX 




Fig. 8. Equilibrated structure of the SWNT-PSE-GOX complex. 
Water molecules are not shown 

and a nanotube, by subtracting the SWNT:PSE inter- 
action energy from the total interaction energy (Fig. 
7, curve b). Thus, the energy of interaction between 
GOX and a nanotube changes during the modeling from 
—5 to —2 kcal/mol. This energy is due to the interac- 
tions between a nanotube and outward side residues of 
a GOX molecule. The mutual orientation of GOX and 
the nanotube surface changes slowly during the model- 
ing. As a result, the GOX-nanotube interaction energy 
changes as weakly. It may be concluded that the model- 
ing of the SWNT:PSE:GOX complex demonstrates the 
absence of strong interactions between GOX and the 
nanotube surface. This fact allows us to suppose that 
the GOX activity is not changed under the formation of 
the SWNT:PSE:GOX complex. 

3-4- Conductivity of single-walled carbon 

nanotube networks: effects of environment 

We carried out studies of the conductive properties of 
the single- walled carbon nanotube network sprayed onto 
a quartz substrate from their solution in dichloroben- 
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Fig. 9. Current versus voltage for an SWNT network placed be- 
tween two gold contacts separated by 10 fim gap (curve 1). Curve 
2 corresponds to the conductivity of a sample after the adsorption 
of PSE 

zene. The dependence of the current through the car- 
bon nanotube network in the dry state at variations of 
the voltage (U) between two contacts is shown in Fig. 
9 (dotted line). The voltage is changed in (-8 — h8) 
V range, the maximum current (7) runs up to 4 mA, 
and the I(U) dependence has nonlinear character. Most 
likely, the nonlinearity is related to Schottky barriers, 
which originate at the contact between nanotubes and a 
gold contact or between nanotubes of different conduc- 
tivities [22]. In addition, the I(U) dependences man- 
ifest a small hysteresis. To avoid the effects of a so- 
lution on the volt-ampere characteristics, the presented 
dependences were obtained in 4-6 days after the fabri- 
cation of a nanotube network or after the deposition of 
biomolecules. 

In this study, the effects of bioorganic compounds 
(PSE and GOX) deposited on the carbon nanotube net- 
work on its conductivity have been investigated. Af- 
ter the deposition of the molecular interface (PSE) from 
methanol and the drying of the film, its conductivity was 
about 20% less than the initial value (Fig. 9, solid line). 
Most probably, such a decrease is caused by adsorbed 
PSE molecules, which induce the appearance of scatter- 
ing centers for charge carriers on the nanotube surface, 
as it was observed earlier [2]. It should be noted that 
the following GOX adsorption (Fig. 9, inside curve 2) 
has practically no effect on the conductivity of the nan- 
otube network. It is obvious that this molecular inter- 
face (PSE) isolates the enzyme from the nanotube sur- 
face rather efficiently. The appearance of the hysteresis 
for the I(U) dependence in similar measurements was 
explained earlier by the presence of charge traps on the 
SiC>2 surface. These traps are occupied under the pas- 
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Fig. 10. Time dependence of the maximal current (obtained at 
8 V) for a SWNT network placed between two gold contacts sepa- 
rated by 10 (im gap (black column). Dashed and shaded columns 
correspond to the current through the network measured after the 
deposition of PSE and the GOX immobilization, respectively 

sage of a current in one direction and are not depleted 
yet, when the current has the opposite direction [19]. 

In addition, the time dependence was built for the cur- 
rent passing through the nanotube network, beginning 
from the nanotube network fabrication up to the PSE de- 
position and the immobilization of GOX (Fig. 10). As 
is seen from Fig. 10, some spread of current values is ob- 
served right away after the nanotube network treatment 
with a bioorganic substance, which is caused by drying 
the network after its wetting with methanol or water. 
After some days, this spread of values becomes narrower. 
A change in the conductivity is especially noticeable af- 
ter the treatment of the nanotube network with water. 
At once after the water evaporation, the film conductiv- 
ity rises appreciably. Then it reduces in the course of 
the time, but this takes a rather long time (some days 
at room temperature). 

4. Conclusion 

The efficient immobilization of GOX onto a carbon nan- 
otube network through the molecular interface formed 
by PSE is carried out. This conclusion is based on the 
analysis of AFM images of the network with the ad- 
sorbed enzyme, whose globules locate mainly along a 
nanotube. 

The band corresponding to the high-frequency com- 
ponent of the G mode in the RR spectrum of the nan- 
otube with adsorbed PSE is downshifted by 0.7 cm -1 
relative to this band in the spectrum of pristine nan- 
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otubes. The analysis of the intensities of bands assigned 
to the RBM of nanotubes with adsorbed PSE in compar- 
ison with the spectrum of pristine SWNTs revealed the 
intensity transformation, which can be explained by a 
change of the resonance condition with variation of the 
laser energy. Thus, we concluded that PSE molecules 
create nanohybrids with SWNTs, which ensures the fur- 
ther enzyme immobilization. As the RR spectrum of an 
SWNT:PSE:GOX film does not essentially differ from 
SWNT:PSE ones, this indicates that the molecular inter- 
face (PSE) isolates the enzyme from nanotubes strongly 
enough. 

Our studies on the conductive properties of a single- 
walled carbon nanotube network sprayed onto a quartz 
substrate from a solution of nanotubes in dichloroben- 
zene demonstrated that the I(U) dependence has non- 
linear character. Most likely, the nonlinearity is related 
to Schottky barriers, which originate on the contact be- 
tween nanotubes and the gold electrode, as well as be- 
tween nanotubes with different conductivities. 

The deposition of bioorganic compounds (PSE and 
GOX) on the carbon nanotube network is accompanied 
by a decrease of their conductivity. Most probably, such 
a decrease is caused by adsorbed PSE molecules, which 
induce the appearance of scattering centers for charge 
carriers on the nanotube surface. The following GOX 
adsorption has practically no effect on the conductiv- 
ity of the nanotube network that evidences the reliable 
isolation of the nanotube surface from the enzyme by 
means of the molecular interface (PSE). While studying 
the properties of carbon nanotube networks, whose sur- 
face underwent the treatment with a solution, it is neces- 
sary to consider the gradual desorption of a solvent from 
the nanotube surface (especially, this concerns water). 
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IMMOBIJII3AHLH rjIIOK0300KCHflA3H HA CITKY 
OAHOCTIHHHX BYrjIEHEBHX HAHOTPYBOK 

B.O. Kapaneei^ee , O.K). FAaMa3da, 6.C. 3apyduee, 

M.B. Kapaneev t ee, B.C. Jleonmbee, O.C. JIihhuk, 

O.C. JlumeuH, O.M. TlAoxomHUHeHKO, C.T. CmenaHbjm 

P e 3 K3 m e 

npil CTBOpeHHl 6i0JI0rilHHX CeHCOpiB 3 BHKOpHCTaHHHM OflHOCTiH- 

hhx Byrjieu,eBHx HaHOTpy6oK (OBHT) Tpe6a BiipimnTH TaKy Ba- 
>KjiiiBy npo6jieMy, aK iMMo6ijii3au;i$i MOjieKyjiH, aKa noBHHHa po3- 
ni3HaTH MimeHB, Ha noBepxHi HaHOTpy6oK. B flamii po6oTi npo- 
BefleHa iMMo6ijii3au;ia (pepMeHTy rjiiOK0300KCHfla3a (TOK) Ha no- 
BepxHio ciTKH HaHOTpy6oK, HKa 6yna Oflep»caHa hijijixom ocassce- 
hh3 HaHOTpy6oK 3 ix po3MHHy y ,z],ixjiop6eH30jii 3a ^onoMoroio 
cnpen-MeTO^y. Y pojii MOjieKyjiapHoro iHTepcpeficy 6yjio 3acTOCo- 
BaHO cyKu,HHiMiflHHit ecpip l-nipeH6yTaHOBoi' khcjioth (IICE), 6i- 
cpyHKi;ioHajibHa MOJieKyjia HKoro 3a6e3nenye xiMiiHHH 3b'h30k 3 
o6ojiohkoio (pepMeHTy, a flpyra i"i aacTraa (nipeHOBa) aflCop6ye- 
TBCH Ha noBepxHio HaHOTpy6KH. BHKopHCTaHHH TaKoro MOJieKy- 
jiapHoro iHTepcpeitcy BHKjiiOTae, 3 o^Horo 6oKy, npHMy aflCop6u,iio 



(pepMeHTy Ha noBepxHio HaHOTpy6KH, HKa 3HH»cye iioro 3kthb- 
HicTt, a 3 flpyroro, 3a6e3nenye jiOKajii3au;iio cpepMeHTy no6jiH3y 
HaHOTpy6KH. IlopiBHHHHsi cneKTpiB pe30HaHCHoro KOM6iHai;iHHO- 
ro pceciiOBaHHH CBiTjra (PKPC) HaHOTpy6oK 3 i'x cneKTpoM b oto- 
MCHHi IICE BKasye Ha CTBopeHHH HaHori6pH,zry MOjieKyjioio nCE 
3 HaHOTpy6KOio, mp ,n,ae niflCTaBy fljra noflajibiHo'i iMMo6ijii3au,ii 
cpepMeHTiB. OcKijibKH cneKTpn PKPC njiiBOK OBHT:E[CE:rOK 

CyTTGBO He Blflpi3H5IIOTbCH Blfl CneKTpiB OBHTlHCE, TO MOJKHa 

CTBepfljKyBaTH, mo MOjieKyjisipHHit iHTepcpeftc EICE flOCTaTHbO Mi- 
uho i30jiioe cpepMeHT Bi,n, HaHOTpy6KH. EcpeKTHBHa iMMo6ijii3au,iH 
(pepMeHTy TOK no6jiH3y ByrjieneBo'i HaHOTpy6KH 3aBflHKH nCE 
niflTBepfljKyeTbca 3a flonoMoroio 3o6pa>KeHb, OTpiiMaHiix aTOM- 
chjiobhm MiKpocKonoM. MojieKynapHa fliHainiita fl03B0jiHjia BCTa- 
HOBiiTii CTpyKTypn OTpiiMaHiix HaHo6iori6pHfliB Ta eHeprii Mi^K- 
MOjieKyjiapHOi B3aeMOflii miik KOMnoHGHTaMii noTpiftHoro KOMnjie- 
Kcy y BOflHony OToneHHi. Byjio TaKOjK flocjii^jKeHO npoBiflHi Bjia- 
cthbocti ciTKH OBHT 3 aflCop6oBaHHMH MOjieKyjiaMH nCE Ta 
TOR. AflCop6n;i5i MOjieKyji nCE Ha ciTKy 3 OBHT cynpoBOflscy- 

6TbC5I 3MeHHieHH5IM npOBiflHOCTi, SK6, CKOpilH 3a Bee, nOB's3aHO 
3 nOHBOIO p03CilOBajlbHHX H,eHTpiB flJIH HOCilB 3ap5Ln,y y HaHOTpy6- 

Kax. 
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